In rice, caryopses located at the base of the panicle have a lower growth rate than those at the tip of the panicle. The former and latter types of caryopses are called inferior and superior caryopses, respectively. Taking the different growth rate into consideration, sugar status and the expression of genes encoding carbohydrate-metabolizing enzymes in inferior caryopses were compared with those in superior caryopses. During the first 5 d after flowering, superior caryopses elongated rapidly, but inferior caryopses did not. At this phase, inferior caryopses had a low ratio of hexose to sucrose, high activity of acid invertase and the absence of the expression of the genes encoding the above enzymes except for two isoforms of cell wall invertase, OsCIN4 and INV1, in comparison with superior caryopses. At the start of caryopsis elongation in both superior and inferior caryopses, the hexose/sucrose ratio increased accompanied by gene expression of vacuolar invertase (INV3), sucrose synthase (RSus1) and ADP-glucose pyrophosphorylase (AGP-L2: D50317). Furthermore, the genes related to endospermal starch accumulation were expressed highly with the decrease in the hexose/sucrose ratio after its peak. Based on the comparison of superior and inferior caryopses, the possible mechanism of grain filling in rice is discussed.
Introduction
The grain filling rate in rice caryopses differs with their position on a panicle. Caryopses located on the upper primary rachis branches start to elongate just after the day of flowering, show the highest grain filling rate and have the heaviest dry matter accumulation in a panicle. In contrast, caryopses located on the secondary rachis branches of the lower primary rachis have a time lag to start elongation, have the lowest grain filling rate in a panicle, and often abort without any elongation or in the course of grain filling, leading to a loss of grain yield (Ishimaru et al. 2003) . The former and the latter types of caryopses are called superior and inferior caryopses, respectively. This kind of asynchronous development of grains due to the different positions in a reproductive organ are the case in wheat and barley (caryopses located in the middle vs. the top/ bottom of the panicle; Singh and Jenner 1982, Gao et al. 1992) , in maize (kernels located at the base vs. the tip of the ear; Tsai-Mei and Setter 1985) and in sunflower (achenes located at the periphery vs. the center of the capitulum; Sinsawat and Steer 1993) .
To explain poor seed development such as in inferior caryopses, the concepts 'grain set' and 'grain filling' are used (Alkio et al. 2003) . 'Grain set' means the establishment of young seeds which have potential to grow to maturity after anthesis, and 'grain filling' means the process from the grain set to dry matter accumulation in the seeds (Kumura 1995) . In leguminous crops, when the supply of photosynthate is insufficient, grains in the pods are not filled or pods drop off from the plant at the early stage of grain filling. In gramineous crops, inferior caryopses postpone the start of elongation after anthesis if the supply of photosynthate is insufficient, meaning that grain set and filling are asynchronous (Ishimaru et al. 2003) . A study on inferior caryopses has agronomical importance because they have a large effect on grain yield.
Sucrose translocated into the panicle is cleaved and metabolized as a carbon source; therefore, the carbohydratemetabolizing enzymes such as invertase (EC 3.2.1.26), sucrose synthase (SUS; EC 2.4.1.13) and ADP-glucose pyrophosphorylase (AGPase; EC 2.7.7.27) are considered to be crucial for development, growth, carbon partitioning and synthesis of storage starch during grain development (for reviews, see Sivak 1996, Sturm and Tang 1999) . In the developing grains, acid invertase, which catalyzes the cleavage of sucrose into glucose and fructose, is active when cell division of storage tissue occurs before its starch accumulation (Weber et al. 1995 , Hirose et al. 2002 , Weschke et al. 2003 . The activity of cell wall invertase (CWI) at the site of sucrose unloading is crucial for maintaining a physiological gradient of sucrose between maternal tissues and filial tissues in maize (Miller and Chourey 1992 ) and fava bean (Weber et al. 1995) . Hexoses produced by CWI are thought to play an important role in mitotic division of maize endosperm (Cheng et al. 1999) . The activity of vacuolar invertase (VCI) is susceptible to drought stress at the early stage of seed development, resulting in a kernel abortion in maize (Andersen et al. 2002) . In contrast to CWI and VCI, SUS and AGPase are active when starch accumulates in storage tissues (Weber et al. 1996 , Chourey et al. 1998 , Weschke et al. 2000 . Notably, SUS is also important for cellulose biosynthesis (Chourey et al. 1998) . Some factors relating to poor grain filling in inferior caryopses were considered to be fewer number of endosperm cells (Patel and Mohapatora 1996 , Yang et al. 2002 , Ishimaru et al. 2003 and lower activities of SUS and AGPase than in superior caryopses (Liang et al. 2001) . However, to our knowledge, the differences in growth rate between superior and inferior caryopses have not been studied relating to the expression patterns of the genes mentioned above. This is the first study on the differences in the expression patterns of genes related to carbohydrate metabolism between superior and inferior caryopses. We attempted to find the differences in the levels as well as the time of gene expression, and their relationship to the different growth rate between superior and inferior caryopses, especially paying attention to the following three developmental phases: (i) stagnant phase (time lag between flowering and the start of caryopsis elongation specific to inferior caryopses); (ii) pre-storage phase (grain filling process until the rapid dry matter accumulation starts); and (ii) storage phase (grain filling process after the start of the rapid dry matter accumulation).
Results
Spikelet positions for superior and inferior caryopses in a panicle and preparation of caryopses on thinned panicles (T1 panicles) Fig. 1 shows the positions of spikelets for superior and inferior caryopses in a panicle. The designed superior and inferior caryopses had the fastest and slowest grain filling rate within the panicle, respectively (Mohapatra et al. 1993) . For comparison, the upper two-thirds of a panicle were cut off the day before flowering in inferior caryopses, and caryopses located at the same position as inferior caryopses on the thinned panicle are referred to as treatment 1 (T1) caryopses. Fig. 2A and B show the change in length and grain dry weight of developing caryopses, respectively. Superior caryopses elongated rapidly until 6 days after flowering (DAF), and they accumulated dry matter after 4 DAF. Inferior caryopses hardly elongated until 5 DAF, and accumulated dry matter slowly after 9 DAF and more rapidly after 15 DAF. Grain dry weight reached a maximum at 19 DAF in superior caryopses and at 31 DAF in inferior caryopses. The length and grain dry weight in T1 caryopses changed similarly to those in superior caryopses, but were significantly smaller than those of superior caryopses at maturity.
Caryopsis elongation and dry matter accumulation
According to these results, we defined the stagnant phase as 1-5 DAF in inferior caryopses, the pre-storage phase as 1-4 DAF in superior and T1 caryopses and as 6-9 DAF in inferior caryopses, and the storage phase as 4-19 DAF in superior and T1 caryopses and as 9-31 DAF in inferior caryopses. Furthermore, the storage phase was divided into early (4-8 DAF in superior and T1 caryopses, 9-15 DAF in inferior caryopses), middle (9-14 DAF in superior and T1 caryopses, 16-23 DAF in inferior caryopses) and late (15-19 DAF in superior and T1 caryopses, 24-31 DAF in inferior caryopses) phases. The transition between the pre-storage phase and storage phase was at 4 DAF in superior and T1 caryopses and at 9 DAF in inferior caryopses.
The change in sugar status closely related to the changes in caryopsis elongation and dry matter accumulation Fig. 3A shows the change in sugar content of caryopses. The sucrose content increased rapidly after the storage phase started, peaked at the middle storage phase and decreased thereafter in all types of caryopses. The pattern of change in hexose content was similar to that in sucrose content though Fig. 1 Diagram of a rice panicle. There are two types of panicles, a complete one containing all spikelets (left side) and a second one where the upper two-thirds of the panicle were cut off at the day before flowering of inferior caryopses (right side). Three types of caryopses were used for comparison: superior caryopses (black circles) and inferior caryopses (gray circles) in the 'wild-type' panicle and inferior caryopses in the 'treatment' panicle (T1 caryopses).
the hexose content was much lower than the sucrose content in all types of caryopses.
Fig . 3B shows the change in sugar concentration. The sucrose concentration was not different between superior and inferior caryopses until 2 DAF, but was higher in superior than in inferior caryopses thereafter. Notably, the sucrose concentration in T1 caryopses, which showed a similar grain filling rate to superior caryopses ( Fig. 2A, B) , was the same level as that in inferior caryopses until 5 DAF, indicating that the sucrose concentration in the developing caryopses was not the sole factor determining the grain filling rate. The difference in hexose concentration among the types of caryopses was much more conspicuous than that in sucrose concentration during the first 5 Fig. 2 The changes in caryopsis length (A) and dry weight (B) during grain development. Black circles, red circles and green triangles represent superior, inferior and T1 caryopses, respectively. Each value is the mean ± SE from 7-8 caryopses. Fig. 3 The changes in sugar (sucrose and hexose) content (A), sugar concentration (B) and the ratio of hexose to sucrose (C) during grain development. Black circles, red circles and green triangles represent superior, inferior and T1 caryopses, respectively. In A and B, solid lines and broken lines represent the changes in sucrose and hexoses content (concentration), respectively. Each value is the mean ± SE of three replications. days after flowering; the hexose concentration rapidly increased after flowering in superior and T1 caryopses, whereas that in inferior caryopses did not. The hexose concentration increased rapidly after caryopsis elongation started in inferior caryopses.
The ratio of hexose to sucrose increased during the prestorage phase in all types of caryopses, peaked around the transition of pre-storage phase and storage phase (at 4 DAF in superior and T1 caryopses, at 9 DAF in inferior caryopses), and then tended to decrease in all types of caryopses (Fig. 3C ). It is noteworthy that the hexose/sucrose ratio did not increase during the stagnant phase in inferior caryopses (Fig. 3C ). These results suggested that an increase in the hexose/sucrose ratio might be essential for the start of caryopsis elongation.
Expression of genes related to carbohydrate metabolism
Cell wall invertase (CWI). The expression patterns of three isoforms of CWI, OsCIN1 (AB073749), OsCIN4 (AB154521) and INV1 (AF155121), were analyzed by reverse transcription-polymerase chain reaction (RT-PCR) (Fig. 4A ). The expression of OsCIN1 was quite different among the type of caryopses; expression of OsCIN1 declined after 2 DAF in inferior caryopses, whereas it remained at the high level during the pre-storage phase in the other two types of caryopses. Expression of OsCIN1 never recovered even at the caryopsis elongation in inferior caryopses. In contrast, the expression of OsCIN4 and INV1 was relatively maintained at the high level during the pre-storage phase in all types of caryopses including at the stagnant phase in inferior caryopses.
Vacuolar invertase (VCI). The expression of two isoforms, INV2 (AF276703) and INV3 (AF276704), was analyzed. Our preliminary experiment revealed that INV2 was expressed specifically before flowering in both superior and inferior caryopses and its expression declined just after flowering (data not shown), suggesting that it might not be related to sucrose metabolism during grain filling. Thus, only the expression of INV3 is shown in Fig. 4B . In superior and T1 caryopses, the expression was constantly strong from the pre-storage to early storage phase. In inferior caryopses, the expression was undetectable during the stagnant phase, and only observed at the pre-storage phase.
Sucrose synthase (SUS). The expression of three isoforms, RSus1 (X59046), RSus2 (20365) and RSus3 (L03366), was analyzed (Fig. 4C) . In common with all types of caryopses, RSus1 was strongly expressed during the pre-storage phase, and the expression decreased thereafter. RSus2 was only slightly expressed during the pre-storage phase and was strongly expressed from the early to middle storage phase. RSus3 was observed specifically from the early to middle stage in both types of caryopses. The expression level of RSus3 in inferior caryopses, however, was much lower than that in superior caryopses. Furthermore, SUS isoforms were hardly expressed during the stagnant phase in inferior caryopses.
ADP-glucose pyrophosphorylase (AGPase). Two genes encoding large subunits and two genes encoding small subunits were examined (Fig. 4D ). For convenience, we named the two large subunit genes, AGP-L1 (U66041) and AGP-L2 (D50317), and the two small subunit genes, AGP-S1 (AY028315) and AGP-S2 (J04960). AGP-L1 and -S2 were only detectable during the storage phase. The expression level in inferior caryopses, however, was at a very low level at the early storage phase. In contrast, AGP-L2 was expressed preferentially during the pre-storage phase. The expression of AGP-S1 increased from the pre-storage phase, peaked at the early storage phase, and decreased gradually thereafter in all types of caryopses.
Activities of enzymes related to carbohydrate metabolism
The activity of enzymes related to carbohydrate metabolism was also analyzed corresponding to the characteristic developmental phases among the types of caryopses (Table 1) . In all types of caryopses, the activities of insoluble and soluble acid invertases were high at the pre-storage phase, and decreased at the storage phase. Notably, the high value was obtained at the stagnant phase in inferior caryopses.
In contrast to acid invertases, the activities of SUS and AGPase increased as the grain filling proceeded. The activity of SUS was the highest from the early to middle storage phase, although the activity was much lower in inferior caryopses at the early storage phase compared with superior and T1 caryopses. Furthermore, the activity was the lowest at the stagnant phase in inferior caryopses. The activity of AGPase showed a time course similar to that of SUS, but the activity remained high even at the late storage phase. At the early storage phase, the activity of AGPase was lower in inferior caryopses than in superior and T1 caryopses. The lowest value of AGPase was obtained at the stagnant phase in inferior caryopses as seen for SUS.
Discussion
We previously reported that the morphological development in inferior caryopses was stagnant when the caryopsis was hardly elongated (stagnant phase), the formation of endosperm cells and starch accumulation in pericarp was active at the pre-storage phase in both types of caryopses, and these events ceased by the early storage phase when starch started to accumulate drastically in endosperm (Ishimaru et al. 2003) . Herein, we discussed how the expression of genes related to carbohydrate metabolism might correspond to the differences in growth rate between superior and inferior caryopses at these three developmental phases.
Acid invertases are active even at the stagnant phase in inferior caryopses
During the stagnant phase in inferior caryopses, the expression of SUS and AGPase isoforms and their enzyme activities was low (Fig. 4C, D, Table 1 ). However, the expression of CWI isoforms showed different expression patterns even at the stagnant phase; the expression of OsCIN1 declined but that of OsCIN4 and INV1 was high (Fig. 4A) . Also, during that phase, activities of acid invertases in inferior caryopses were at the same or rather a higher level than that in superior and T1 caryopses at the pre-storage phase (Table 1) although we did not detect the expression of thee VCI isoform at the stagnant phase (Fig. 4B) . These results were not consistent with the low hexose concentration at the stagnant phase (Fig.  2B ), but implied that hexoses produced by invertases might be metabolized further. Under the condition of reduced supply of photosynthate such as defoliation and a long period of shading, inferior caryopses stayed at the stagnant phase for a long Fig. 4 Expression of genes related to carbohydrate metabolism. An aliquot of first-strand cDNA mixture corresponding to 12.5 ng of the total RNA was amplified by an appropriate number of PCR cycles as shown in Table 2 . The designed primer pair specifically yielded a single band at the predictable base pair for each gene, and amplified DNA was cloned and sequenced.
time (Goto 2001 , Ishimaru et al. 2003 . They grew rapidly, however, when the shading condition was removed (Goto 2001) . Assimilated carbon is preferentially partitioned into superior caryopses (Okawa et al. 2003) , and inferior caryopses had a competitive disadvantage for assimilate supply especially at the stagnant phase (Ishimaru et al. 2003) . Inferior caryopses, however, may need basic respiration to maintain seed viability even at the stagnant phase. Whether acid invertase activity might be coupled to the process allowing survival under severe conditions of limited nutrients supply is still an open question and should be analyzed further.
The coordinated expression of RSus1, INV3 and AGP-L2 in addition to CWI isoforms is considered to play an important role in elongation
In all types of caryopses, the hexose/sucrose ratio increased after the start of elongation and reached a peak at the transition between the pre-storage and storage phase ( Fig. 2A,  3C ). In cereal species, the cell formation of storage tissue and the accumulation of storage compounds are temporally separated. For example, in rice caryopses, the number of endosperm cells was determined by the early storage phase (Ishimaru et al. 2003) . In barley and legume seeds, the hexose/sucrose ratio in filial tissues was high at the pre-storage phase, but decreased concomitantly with the onset of the storage phase (Weber et al. 1995 , Weschke et al. 2003 . Our results are consistent with these reports, strongly suggesting that an increase in the hexose/sucrose ratio may be preferable for endosperm cell production in rice.
During the pre-storage phase, the expression of OsCIN1 was high in superior and T1 caryopses, but not detected in inferior caryopses (Fig. 4A ). This result suggested that this gene would not be responsible for the hexose supply for endosperm proliferation at least in inferior caryopses. Instead, other isoforms of CWI, OsCIN4 and INV1, highly expressed continuing from stagnant phase to pre-storage phase (Fig. 4A) , might be related to an increase in the hexose/sucrose ratio in inferior caryopses.
INV3, RSus1 and AGP-L2 were expressed at the start of elongation in all types of caryopses (Fig. 4B, C, D) . In particular, the results obtained in inferior caryopses indicated an important role for these genes in acquiring the sink strength for elongation. In superior and T1 caryopses, rapid elongation started at 1 DAF and the expression of all CWI isoforms, INV3, RSus1 and AGP-L2 was concomitantly high at 1 DAF ( Fig. 2A,  4A , B, C, D). In inferior caryopses, however, the time of expression of INV3, RSus1 and AGP-L2 was delayed until the start of rapid elongation (Fig. 4B, C, D) . Thus, the expression of INV3, RSus1 and AGP-L2 is considered to play an important role in acquiring sink strength for the start of elongation in all types of caryopses.
Furthermore, the fact that RSus1 and AGP-L2 were expressed at the start of elongation also provided us with a new insight into understanding the probable pathway of carbohydrate metabolism in the rice caryopsis. At the pre-storage phase, division of free nuclei and their cellularization occur concomitantly with starch accumulation in pericarp (Weschke et al. 2000 , Ishimaru et al. 2003 . However, the role of pericarp starch in caryopsis development at the pre-storage phase has not been elucidated so far. In maize, starch transiently accumulated in the pericarp is degraded and remobilized to nourish the filial tissues when photosynthate supply from source leaves is limited (Zinselmeier et al. 1999) . Recently, Hirose and Terao (2004) reported that the isoforms of starch synthase, which has an important role in starch synthesis like AGPase, are preferentially expressed at the pre-storage phase for pericarp and at the storage phase for endosperm. Therefore, AGP-L2 may play a role in starch accumulation in pericarp. Further investigations are needed in order to clarify the role of RSus1, and how SUS and AGPase, which do not catalyze the reaction of hexose production, may be related to an increase in the hexose/ sucrose ratio.
Genes related to endospermal starch accumulation are expressed with decrease in the hexose/sucrose ratio The storage phase starts when endosperm cells fill the embryo sac cavity (Ishimaru et al. 2003) . The sucrose content drastically increased thereafter and reached a peak at the middle storage phase (Fig. 3A) , while the hexose/sucrose ratio tended to decrease during the storage phase (Fig. 2C) , and the expression of RSus3, AGP-L1 and AGP-S2 was specifically induced from the early storage phase (Fig. 4C, D) . In contrast, the activities of acid invertases were already low (Table 1) , and the expression of AGP-L2, which was assumed to play a role in starch accumulation in pericarp, was also low at that phase (Fig. 4D) . RSus3, AGP-L1 and AGP-S2 are specific to the endosperm (Anderson et al. 1991 , Huang et al. 1996 , Sikka et al. 2001 , and they may play an important role in endospermal starch accumulation. Since the expression of these genes is temporally and spatially consistent, their expression may be closely coordinated and be involved in the process from sucrose cleavage to starch biosynthesis in endosperm. We cannot discuss the role of RSus2 and AGP-S1 because they were not expressed preferentially in the pre-storage or storage phase (Fig. 4C, D) . The information on their localization in developing caryopses needs to be obtained in order to elucidate their role in grain filling.
The expression levels of RSus3, AGP-L1 and AGP-S2 were much lower in inferior caryopses during 9-15 DAF, the early storage phase (Fig. 4C, D) . During that phase, the in- (Fig. 2B ). Thus, the transcriptional level of RSus3, AGP-L1 and AGP-S2, which localized at endosperm, would relate to the different growth rate between superior and inferior caryopses at the early storage phase in this study.
Conclusion By comparing the time and level of expression of genes related to carbohydrate metabolism between superior and inferior caryopses, we found that the different isoforms of genes related to carbohydrate metabolism played different role(s) in acquiring sink strength at the stagnant phase, pre-storage phase and storage phase. Notably, the existence of the stagnant phase in inferior caryopses provided us with a new insight into a probable pathway of carbohydrate metabolism for the start of grain filling. Acid invertases and CWI isoforms, OsCIN4 and INV1, were expressed even at the stagnant phase, implying that these enzymes and genes may be important to maintain seed viability. SUS and AGPase isoforms, RSus1 and AGP-L2, seemed to play an important role in acquiring sink strength for caryopsis elongation in addition to CWI and VCI isoforms. The transcriptional levels of RSus3, AGP-L1 and AGP-S2, which were specific to endosperm, were strongly related to sink strength for starch accumulation at the storage phase. Studies on the expression of genes related to carbohydrate metabolism in superior and inferior caryopses are presently extending to the expression analysis of genes related to a wider range, including lipid metabolism and energy production, etc., at three characteristic developmental phases.
Materials and Methods

Plant materials
Oryza sativa cv. Dontokoi (japonica rice variety) was used. Twenty seeds were sown regularly and circumferentially in a 0.02 m 2 pot following the method of Satake (1972) . Plants were grown under the same condition after the booting stage as described by Ishimaru et al. (2003) . Fig. 1 shows the positions of superior and inferior caryopses, and the method of preparing caryopsis on the thinned panicle (T1 panicle). The difference in flowering date between superior and inferior caryopses was 4 days within the same panicle on average. Sampled caryopses were immediately frozen with liquid nitrogen and stored at -80°C until use for the determination of sugar content, the extraction of RNA and assays of enzyme activity. For the determination of dry weight, caryopses dried in an oven at 80°C for 3 d were used.
Determination of sugar content
The caryopses without the lemmas and paleae were ground in a mortar with a pestle, and soluble carbohydrates were extracted three times with 80% ethanol at 80°C each for 3 min. After centrifugation at 18,500×g for 10 min, the supernatants were collected, dried in vacuo and sugar contents were determined by an enzymatic method (Nakamura and Yuki 1992) .
Semi-quantitative RT-PCR analysis
The expression analysis by semi-quantitative RT-PCR was performed by the methods of Aoki et al. (2003) . First-strand cDNA mixtures were prepared from 2.5 µg of total RNA in developing caryopses with oligo(dT 13 ) primer and reverse transcriptase (SuperScriptII™, Invitrogen). The appropriate numbers of PCR cycles in the linear range of DNA amplification for each gene and designed gene-specific primers are shown in Table 2 . The amplified DNA fragments were separated on a 1.5% (w/v) agarose gel and transferred to a nylon membrane (positively charged, Roche). The specific cDNA probe for each gene was amplified from the corresponding cDNA clone with a digoxigenin (DIG) PCR labeling mix (Roche), and was hybridized with the above blot. The amplified DNA fragments were then visualized by the DIG labeling and detection system (Roche) following the manufacturer's instructions. PCR amplifications with RNA minus reverse transcriptase yielded no products for the primer pair of RSus3 (data not shown), indicating that there was no, or only negligible, contamination of genomic DNA in the cDNA aliquots.
Assays of enzyme activity
The caryopses were ground in a mortar with a pestle in an extraction buffer containing 100 mM HEPES-NaOH (pH 7.4), 8 mM MgCl 2 , 2 mM K 2 HPO 4 , 2 mM EDTA, 12.5% (v/v) glycerol and 50 mM 2-mercaptoethanol. The homogenate was centrifuged at 18,500×g for 10 min, and the supernatant was used for the assays of soluble acid invertase, SUS and AGPase activity. The pellet was washed twice with the extraction buffer, and resuspended in 1 ml of the extraction buffer for the assay of insoluble acid invertase activity. This process was conducted at 0-4°C.
Insoluble acid invertase. A 15 µl aliquot of the enzyme preparation was added to the assay mixture containing 200 mM sodium acetate (pH 4.6) and 50 mM sucrose to start the reaction assay. The total reaction volume was 200 µl. The reaction was conducted for 20 min at 30°C and stopped by boiling for 3 min. The resultant glucose was monitored as described in the determination of sugar content. Control assays without incubation were used to correct for glucose not produced by enzymic reaction.
Soluble acid invertase. The method for the assay of soluble acid invertase activity was basically the same as that for insoluble acid invertase except for the amount of added enzyme preparation and cessation of the enzymic reaction; the reaction was begun by adding 40 µl of enzyme preparation and was stopped by boiling for 1 min.
SUS. The activity was assayed by the direction of sucrose synthesis. The reaction was started by adding 10 µl of enzyme preparation in the assay mixture containing 55 mM HEPES-NaOH (pH 7.4), 16 mM MgCl 2 , 8 mM fructose and 8 mM UDP-glucose. After incubating for 20 min at 30°C, the reaction was stopped by adding 1 M NaOH. The sucrose synthesized by the enzymic reaction was measured by the resorcinol color reaction (Kerr et al. 1984) .
AGPase. The enzyme activity was determined as described by Nakamura et al. (1989) . The reaction was started by adding 5 µl of enzyme preparation and stopped by boiling for 1 min. The production of NADPH was monitored to determine the enzyme activity.
